different between healthy young men and women Ventilatory decline after hypoxia and hypercapnia is not
-The gradual decay in ventilation after removal of a respiratory stimulus has been proposed to protect against cyclic breathing disorders such as obstructive sleep apnea (OSA). The male predominance of OSA, and the increased incidence of OSA in women after menopause, indicates that the respiratory-stimulating effect of progesterone may provide protection against OSA by altering the rate of poststimulus ventilatory decline (PSVD). It was therefore hypothesized that PSVD is longer in premenopausal women than in men and is longer in the luteal menstrual phase compared with the follicular phase. PSVD was measured in 12 men and in 11 women at both their luteal and follicular phases, after cessation of isocapnic hypoxia and normoxic hypercapnia. PSVD was compared between genders and between women in the luteal and follicular phases by repeated-measures ANOVA. There were no significant differences in PSVD between any of the groups after either respiratory stimulus. This suggests that the higher occurrence of OSA in men does not reflect an underlying gender difference in PSVD and implies the increased prevalence of OSA in women after menopause is not representative of an effect of progesterone on PSVD.
obstructive sleep apnea; ventilatory afterdischarge DISORDERS OF BREATHING in sleep, such as obstructive sleep apnea (OSA), are more common in men than in women (18, 21, 30) . Such abnormalities are also more common after menopause (3) , suggesting that the female sex hormones may provide some protection against these disorders. Progesterone has a stimulatory effect on ventilation (6) and increases the hypoxic ventilatory response (25) . Progesterone may therefore influence breathing control and breathing stability during sleep and contribute to the increased prevalence of sleepdisordered breathing in men and postmenopausal women. Other differences between the genders such as upper airway anatomy (4, 23) and upper airway dilator muscle function (22, 26) may also contribute to the gender difference in sleep-disordered breathing, but they are unlikely to account for all of the observed gender difference in OSA.
The time-dependant decay in ventilation after abrupt termination of a brief respiratory stimulus has been postulated to protect against cyclic breathing disorders such as OSA (12, 29) . This phenomenon of a slow decline in respiratory drive after a brief stimulus has been described in anesthetized vagotomized cats. In these animals the phrenic neurogram was shown to decay exponentially over 60 s to several minutes after sudden cessation of electrical stimulation of the carotid sinus nerve (9) . This was thought to represent the respiratory equivalent of the general neural phenomenon of poststimulus potentiation. Subsequently, a similar phenomenon was measured in both awake and sleeping humans and was given the term ''ventilatory afterdischarge'' (2, 12, 13) . Ventilatory afterdischarge is believed to be caused, in large part, by the short-term potentiation of brain stem respiratory neurons, but it is also likely to be modulated by factors such as state (13) , level of cortical activity (5) , and possibly respiratory afferent activity. An abnormally short rate of decline in respiratory drive after withdrawal of a respiratory stimulus could predispose an individual to cyclic breathing, particularly in sleep where it may contribute to repetitive apneas (15) . This idea is supported by the finding that the ventilatory afterdischarge after brief hypoxia in men who suffer from OSA is about one-half the length of that in normal men (12) . Whether the rate of ventilatory decline after a brief respiratory stimulus is different between men and women is not known but is important as it may help explain the gender difference in sleep-disordered breathing.
Female sex hormones could potentially protect women from sleep-disordered breathing by slowing the rate of ventilatory decline after a brief stimulus. This could occur through either a general upregulation of the respiratory controller or a direct increase in neuronal short-term potentiation. Neural activity has been shown to be altered by sex hormones at both pre-and postsynaptic levels (1), and progesterone influences synapse density in the adult rat brain (20) . Thus there is the potential for female sex hormones to modulate the phenomenon of neural short-term potentiation. This idea is supported by the finding that the decline in
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ventilation after voluntary hyperventilation is longer in the luteal phase of the menstrual cycle than in the follicular phase in normal young women (24) . The half time of decay in minute ventilation after the voluntary task ceased was 23.7 s in the luteal phase and 17.7 s in the follicular phase, both values being considerably longer than that reported in men after hypoxia (9.7 s) (12) . Although the difference in the half times between men and women in these two studies could be due to several methodological factors, such as the different respiratory stimuli used and level of hyperventilation reached, it could represent a gender difference in ventilatory afterdischarge or respiratory short-term potentiation.
In the present experiments we have compared, in healthy young men and women, the rate of ventilatory decline after two respiratory stimuli: isocapnic hypoxia and normoxic hypercapnia. We have chosen the more general term poststimulus ventilatory decline (PSVD) to describe the ventilatory decay after these stimuli. The hypoxic stimulus can be terminated rapidly with a single breath of 100% O 2 , and therefore the decay in ventilation after this protocol most closely resembles respiratory short-term potentiation and is often referred to as ventilatory afterdischarge. The decline in ventilation after hypercapnia, however, would likely be influenced by the slower withdrawal of the respiratory stimulus and so is more accurately described as PSVD. We argued that the off-transient after both stimuli could provide potentially important information in terms of inherent respiratory stability-instability between the genders. We hypothesized that the PSVD is longer in women than in men and is longer in the luteal phase of the menstrual cycle than the follicular phase.
METHODS
Subject selection. The selection criteria for this study were as follows. All subjects were required to be healthy nonsmokers with normal lung function determined by spirometry and body plethysmography. Women needed to have regular menstrual cycles and not be pregnant or taking the oral contraceptive pill. All subjects were also required to have regular breathing patterns at rest (a coefficient of variation of minute ventilation of Ͻ20% during 5 min of quiet breathing). Twelve men and 14 women met the criteria and gave informed written consent to participate in the study. Three women were subsequently found to be anovulatory [plasma progesterone 2.33 Ϯ 1.29 (SE) nmol/l during the luteal phase] and were excluded from further analysis, leaving 12 men and 11 women (mean age 25.7 Ϯ 1.24 yr) who completed the study. The study was approved by the Research and Ethics Committee of the Daw Park Repatriation General Hospital.
General procedures. All experiments were conducted in the morning, after subjects had eaten a light breakfast and had abstained from caffeine, alcohol, and other stimulants. Subjects were seated comfortably on a bed with back support, in a temperature-controlled environment (23°C) for all periods of data collection. They were encouraged to read and listen to nonrhythmic, spoken tapes to distract them from their breathing and experimental interventions. Data were collected in two or three sessions lasting 1-1.5 h. In each session, multiple periods of hypoxia and hypercapnia were used to stimulate respiration.
Women were tested during the luteal (days 20-23) and follicular (days 6-11) phases of their menstrual cycle, whereas men were tested only once. Menstrual phase was confirmed by plasma progesterone levels, which were measured by chemiluminescence (ACS:180 Progesterone assay, Chrion Diagnostics, Chrion Healthcare, Victoria, Australia). A subject was considered to be anovulatory if plasma progesterone was below 7 nmol/l in the luteal phase.
Equipment and measurements. The gas-delivery system ( Fig. 1 ) consisted of a five-way Gatlin-Shape valve system (series 2440C, Hans Rudolph, Kansas City, MO), the output of which was attached to a pneumotachograph (PT36, Erich Jaeger) in series with the inspiratory port of a Hans Rudolph breathing valve and mask. Foil bags (20-300 liters, Scholle Industries) containing various gases were connected to the four inlet ports on the Gatlin-Shape valve ( Fig. 1 , A-C) by using several Hans Rudolph two-way taps ( Fig. 1, 1-3 ). Each inlet port could be individually opened and closed by rapidly inflating or deflating a small balloon within the Gatlin-Shape valve. Only one port was open at any time, and all transitions between ports were conducted during expiration. Ports A and B were used for isocapnic hypoxia trials, and port C was used for room-air breathing and hypercapnia trials.
Inspiratory flow was measured (pneumotachograph) breath by breath and integrated electronically to give tidal volume (VT). Inspiratory time (TI), expiratory time (TE), total breath time (TT), peak inspiratory flow (PIF), mean inspiratory flow (VT/TI), and inspired minute ventilation (V I) were determined for every breath from this signal. Arterial O 2 saturation (Sa O 2 ) was measured continuously by a pulse oximeter (POET II model 602-1 Critcare Systems, Waukesha, WI). The oximeter probe was attached to the ear whenever possible; however, in some subjects an adequate signal could only be obtained from a finger. Mask O 2 and CO 2 were continuously measured (POET II model 602-3 Critcare Systems) from which inspired and expired concentrations of each gas were monitored. The electrocardiogram was also monitored (Hewlett-Packard 78342, Andover, MA) continuously, and subjects were confirmed to be awake by electroencephalogram (C 3 -A 2 placement), left and right electroocculogram, and masseter electromyogram (Compumedics S series preamplifier, Abbotsford, Victoria, Australia). All data were acquired on an IBM laptop computer by using an analog-to-digital converter (DATAQ Instruments) and a sampling rate of 150 Hz per channel.
Isocapnic hypoxia. The inspirate was switched from room air to 100% N 2 for 1-7 breaths to cause a rapid drop in end-tidal partial pressure of O 2 (PET O 2 ). The inspirate was then changed to 9% O 2 in N 2 for the remainder of the 45-s period. The number of N 2 breaths was altered between trials to target a ventilation increase at the end of the hypoxic period of 150% of the resting level, without Sa O 2 falling below 75%. Hypoxia was terminated with one breath of 100% O 2 , producing a rapid rise in PET O 2 to above baseline levels within one to two breaths. Isocapnia was maintained by adding CO 2 into the inspirate, starting during 100% N 2 breathing and continuing after the hyperoxic breath as necessary.
Normoxic hypercapnia. For the 45-s intervention period, 3.5-7% (mean 4.7%) CO 2 was introduced into the inspirate, after which the inspirate was returned to room air. No attempt was made to control end-tidal partial pressure of CO 2 (PET CO 2 ) in the postintervention period. The amount of CO 2 added to the inspirate was altered from one trial to the next to target a 150% increase in V I by the end of intervention.
Individual trial inclusion criteria. Trials were only accepted for further analysis if all of the following criteria were met. 1) Isocapnic conditions were maintained in hypoxic trials. There was no significant difference between mean preintervention PET CO 2 and both mean PET CO 2 in the last 15 s of intervention and mean PET CO 2 in the 45-s postintervention period. 2) Resting ventilatory patterns were stable. The coefficient of variation of breath-by-breath V I in the 30 s before the intervention was Ͻ20%. 3) Adequate hyperventilation was achieved. An increase of Ͼ120% of the resting V I was reached. 4) There were no sighs in the last 15 s of intervention or in the 45-s postintervention period. Sighs were characterized by a change in VT of Ͼ75% between two adjacent breaths and a change in TE of Ͼ40% between the same two breaths.
Data analysis. The first step in the data analysis involved determining the time at which the stimulus had been removed (stimulus-off time). For hypoxia trials the stimulus had not ceased until hypoxemia at the peripheral chemoreceptors was reversed. The stimulus-off time after hypoxia was therefore estimated by combining the delay time from inspiratory circuit to lung with that for the lung to peripheral chemoreceptor (circulatory delay). The delay time for inspiratory circuit to lung was estimated from the time that the manual switching of gas in the inspiratory circuit occurred, until the onset of the first breath after the complete displacement of the circuit dead space (500-515 ml depending on facial structure). The circulatory delay has been calculated by previous investigators to be 6-8 s (16, 19) . To establish whether a similar circulatory delay was present in our study population, we estimated the circulatory delay in a group of 20 subjects (10 women). Sixteen were included in the present study, and four were enrolled in the study but were subsequently excluded because they were anovulatory (2) or failed to complete the protocols (2). Group mean age and body mass index in these 20 subjects did not differ from those in the 23 subjects included in the main study. Circulatory delay was measured during repeated hypoxia trials (mean of 6 trials/ subject) by calculating the delay between the beginning of the 100% O 2 breath used to terminate hypoxia and the time at which ear Sa O 2 began to rise. Preliminary experiments showed the sudden rise in ear Sa O 2 could only be detected accurately if Sa O 2 had fallen below 90%, thus precluding measurements in some of the study subjects. There were no gender or menstrual phase differences in circulatory delay (men 8.2 Ϯ 0.5 s, women in the luteal phase 7.3 Ϯ 0.5 s, and women in follicular phase 7.8 Ϯ 0.3 s, P Ͼ 0.05); thus the mean delay of 7.8 s was used for all subjects participating in the study. Determining the stimulus-off time for hypercapnia trials is problematic because it involves not only release of the peripheral chemoreceptor stimulus but also washout of CO 2 from the cerebrospinal fluid and medulla surrounding central chemoreceptors. Because there is no practical way of determining the contribution of the latter, we chose to use the circulatory delay alone in estimating the stimulus-off time, recognizing that this would, of necessity, involve some inaccuracy.
Because the breathing frequency varied among subjects and because we wished to examine group mean data, the method of linear interpolation was employed to transform all breath-by-breath measurements to a 4-s interval time base. The duration of 4 s was chosen because it was approximately equivalent to the mean TT for all subjects across all trials in the 45-s postintervention period.
The postintervention V I vs. time data were fit to a monoexponential decay function V I ϭ Aexp(Btime) ϩ C. The decay half time [; ϭ ln(2)/B] and time for ventilation to reach the preintervention level were calculated for the mean interpolated data in each subject for both respiratory stimuli. Trials in which V I did not fit the exponential function (P Ͼ 0.05) were excluded from the half-time analysis.
Statistical procedures. The circulatory delay was compared between men and women by an unpaired Student's t-test and between women in the two menstrual phases by a paired Student's t-test. Student's t-tests were also used to examine PET CO 2 control during each trial. One unpaired Student's t-test was used to compare PET CO 2 in the preintervention and last 15 s of intervention periods. Another was used to compare PET CO 2 between preintervention and 45 s postintervention. Maintenance of isocapnia was considered appropriate if both t-tests were nonsignificant (P Ͼ 0.05). Plasma progesterone was compared between the luteal and follicular phases by a paired Student's t-test.
For women, a two-way analysis of variance (ANOVA) for repeated measures was used to examine menstrual phase and time effects for each variable measured (V I, VT, breathing frequency, TI, TE, TT, PIF, VT/TI, PET CO 2 ). Changes in these variables after the stimulus-off time were analyzed for 44 s after hypoxia and for 84 s after the hypercapnia trials. Two-way ANOVAs were used to compare the same variables between men and women in both luteal and follicular phases. V I was compared during the 44-s poststimulus period between the two respiratory stimuli by using two-way ANOVA. Tukey's post hoc tests were used wherever significant ANOVA effects were found. The of the exponential decay profiles after each respiratory stimulus were compared by using unpaired Student's t-tests. The Student's t-test was also used to examine for differences between genders and between follicular and luteal phases. Data are expressed as means Ϯ SE. P Ͻ 0.05 was considered statistically significant.
RESULTS
Resting characteristics. There were no significant differences in age, body mass index, or lung function between the men and women in this study (Table 1) ; however, resting ventilatory parameters were different between the groups (Table 2 ). Among women, resting V I was higher in the luteal phase than in the follicular phase due to a significant shortening of TE, and PET CO 2 was correspondingly lower in the luteal phase. Men had a higher resting VT and, consequently, V I compared with women in the follicular phase. However, V I was not different between men and women in the luteal phase despite differences in VT, respiratory timing, and PET CO 2 . Plasma progesterone was significantly higher in the luteal phase (29.6 Ϯ 4.2 nmol/l) than the follicular phase (1.6 Ϯ 0.2 nmol/l).
Trial exclusion. A total of 532 trials was completed, of which 281 did not meet one or more of the inclusion criteria (see METHODS): 77 trials were excluded due to sighs, 1 because the subject was asleep, 23 due to insufficient stimulation of breathing, 17 due to a high coefficient of variation in V I during the preintervention period, and 163 because of inadequate CO 2 control. This resulted in a mean of five (range 1-8) trials being available for analysis in each subject for each respiratory stimulus.
Maintenance of isocapnia. Excluding hypercapnia, there were no differences between pre-and posttrial PET CO 2 at any time in any group. In addition there were no gender-by-time or phase-by-time interactions in PET CO 2 after hypoxia, indicating strict CO 2 control (Fig. 2 ). There were significant menstrual-phase differences in PET CO 2 (luteal PET CO 2 levels lower than follicular levels) after both respiratory stimuli.
Breathing patterns after hyperventilation. There were no gender-by-time or phase-by-time interactions in V I (Fig. 3) or any other respiratory measurement (VT, breathing frequency, TI, TE, TT, PIF, VT/TI) for either respiratory stimulus. V I remained above resting levels significantly longer after hypercapnia compared with hypoxia. The ventilatory decay curves for each subject were fit well by an exponential function, with mean r values ranging from 0.89 to 0.92. Curve for hypoxia PSVD was not different between men (4.5 s) and women in either the follicular phase (5.1 s) or the luteal phase (4.7 s) or between the two phases of the female menstrual cycle. Posthypercapnia (20.2 s) differed significantly from posthypoxia , but the after this stimulus was also not different between the genders nor between the phases of the menstrual cycle.
DISCUSSION
The main finding of this study was that in healthy young adults, the rate of PSVD was not different between the genders and was not different between the Values are means Ϯ SE. n, No. of subjects. Body mass index (BMI), forced expiratory volume in 1 s (FEV 1 ), and forced vital capacity (FVC) in men (n ϭ 12) and women (n ϭ 11). , tidal volume (VT), breathing frequency (FB), inspiratory time (TI), and expiratory time (TE) in men (n ϭ 12) and in women (n ϭ 11) in the follicular and luteal phases of the menstrual cycle. * Significant difference compared with women in the follicular phase. † Difference compared with women in the luteal phase. All P Ͻ 0.05. Fig. 2 . Mean end-tidal CO 2 (PET CO 2 ) before intervention and interpolated every 4 s postintervention after hypoxia (A) and hypercapnia (B) in men (n ϭ 12) and women (n ϭ 11) in both menstrual phases. Values are means Ϯ SE. *PET CO 2 was significantly lower than in follicular phase, P Ͻ 0.05. †PET CO 2 was significantly lower than in men, P Ͻ 0.05. There were no phase-by-time or gender-by-time interactions in PET CO 2 for either respiratory stimulus. follicular and luteal menstrual phases in women. This was found after cessation of two respiratory stimuli and under conditions of strict PET CO 2 control. If this relationship persists in sleep, then it would imply that a gender difference in PSVD is unlikely to contribute significantly to the observed differences in prevalence of sleep-disordered breathing between men and women. Furthermore, the results suggest that female hormonal changes have little if any effect on PSVD.
An important methodological consideration, given the negative findings with respect to PSVD, is whether there was sufficient statistical power in the study to detect biologically meaningful differences in PSVD between men and women and within the menstrual cycle of women. Modeling studies have not directly addressed the role of ventilatory afterdischarge or PSVD on respiratory control during sleep (16) . It is difficult therefore to predict the change in PSVD that would likely lead to instability of respiratory control. However, Georgopoulos et al. (12) reported that the half time for ventilatory decline () after brief hypoxia in male OSA patients was ϳ50% of that in normal men, which corresponded to a difference of 4.9 s. To the extent that this represents a pathophysiologically relevant difference in PSVD, we performed a post hoc analysis to determine the minimum difference in PSVD that could be reliably detected in our study population. Given the variance between subjects in the PSVD , the sample size we used, and assuming a power of 80%, we calculated that for hypoxic trials a difference of ϳ3 s would have been detected. Given these observations and the fact that no differences were detected with either stimulus, we consider it unlikely that our results are due to a type II statistical error. It is more likely that little or no differences in PSVD exist between genders or as a result of hormonal changes in women.
The values in the present study are shorter than previously reported in normal men (12) . After brief hypocapnic hypoxia in normal men, Georgopoulos et al. (12) found a of 9.7 s, whereas the men in this study had a of 4.5 s after isocapnic hypoxia. This may reflect methodological differences because Georgopoulos et al. assumed a much shorter delay between switching to hyperoxia and the sudden reduction in peripheral chemoreceptor activity (5 vs. 9.1-11.5 s in our study). Takano (24) also reported more delayed ventilatory decline in normal women after voluntary hyperventilation than in the present study. In Takano's study ventilation during the voluntary hyperventilation task was ϳ350% of resting ventilation and was therefore greater than in the present study (ϳ150%), and the subjects in his study hyperventilated for 15 s longer.
In contrast to the present study in which no difference was observed in PSVD between the follicular and luteal phases of the menstrual cycle, Takano (24) found the ventilatory decline after voluntary hyperventilation to be 6 s longer in the luteal compared with the follicular phase. Takano proposed that this was a result of a 3.1-Torr reduction in resting PET CO 2 from the follicular to the luteal phase, because he and Folgering and Durlinger (11) found an inverse relationship between PET CO 2 and the duration of PSVD. However, a direct relationship between PET CO 2 and the rate of ventilatory decline has also been found in animal studies (9, 10) and one study in sleeping humans after hypoxia (2) . It does appear from these studies that PET CO 2 exerts an influence on PSVD, but the direction of its effect and whether it differs between wakefulness and sleep are uncertain. If there is an inverse relationship between PET CO 2 and the duration of PSVD in awake female subjects as suggested by Takano (24) , the 1.9-Torr fall in PET CO 2 observed between the follicular and luteal phases in the present study would have resulted in a smaller and possibly insignificant change in PSVD. Another possible contributing factor to the different results in Takano's study and ours relates to the precision of PET CO 2 control. Takano maintained PET CO 2 within 2 Torr of the subjects' resting levels. We rejected trials in which PET CO 2 was statistically different from preintervention levels. Mean PET CO 2 in our study was thus maintained within 0.5 Torr of preintervention levels. Less precise control of PET CO 2 , combined with the previously reported difference in ventilatory responsiveness to arterial partial pressure of CO 2 between the menstrual phases (8) , could lead to systematic errors in measurement of the rate of ventilatory decline across the menstrual cycle. There were significant differences in PSVD duration after hypoxia and hypercapnia. The longer PSVD after hypercapnia probably reflects the delay in washout of CO 2 from the CSF and medulla surrounding central chemoreceptors. OSA patients develop acute hypercapnia during apneas, and this contributes to the postapnea/-hypopnea hyperventilation. The ventilatory decline after a hypercapnic stimulus could therefore be relevant to the perpetuation of unstable patterns of breathing during sleep. Our findings suggest that differences in PSVD after brief hypercapnia are unlikely to contribute to the gender difference in OSA prevalence.
A secondary finding was that the circulatory delay between lung and peripheral chemoreceptors after brief hypoxia was not different between men and women. The circulation time between lung and peripheral chemoreceptors is considered to be an important factor in the maintenance of respiratory stability, and a markedly prolonged circulation time has been shown in theoretical models (17) and experimental animal preparations (14) to destabilize breathing. The identical circulatory delay shown between men and women in this study makes it unlikely that differences in the peripheral chemoreceptor feedback loop would contribute to gender differences in sleep-disordered breathing.
It is important to note that the findings of this study do not exclude PSVD as a factor contributing to the higher occurrence of OSA in men and postmenopausal women. This study has indicated that no gender or menstrual phase differences in PSVD exist in healthy young volunteers; however, the incidence of sleepdisordered breathing is low in this group (27) . A gender difference in PSVD may only become apparent in more elderly individuals in whom OSA is more common. The present study also measured PSVD in subjects while awake, but some aspects of breathing control have been shown to change during sleep. For example, the hypoxic ventilatory response is reduced during sleep in men (7) but not altered from wakefulness to sleep in women (28) . The ventilatory pattern after removal of a brief hypoxic stimulus appears to be reduced from wakefulness to sleep in men (13) and to our knowledge has not been reported in sleeping women. It is possible that there are state-related gender differences in PSVD, which could contribute to the higher occurrence of OSA in men.
In conclusion, this study has measured PSVD in awake healthy young adults and found no evidence of a gender or menstrual-phase difference. These findings do not support the hypothesis that the higher occurrence of OSA in men and postmenopausal women is due to altered PSVD. However, should PSVD change differently in men and women with increasing age or during sleep, then it may still contribute to the gender difference in OSA.
